ABSTRACT: Glioblastoma multiforme (GBM) is a highly aggressive brain tumor, with dismal survival outcomes. Recently, cancer stem cells (CSCs) have been demonstrated to play a role in therapeutic resistance and are considered to be the most likely cause of cancer relapse. The identification of CSCs is an important step toward finding new and effective ways to treat GBM. Tenascin-C (TNC) protein has been identified as a potential marker for CSCs in gliomas based on previous work. Here, we have investigated the expression of TNC in tissue microarrays including 17 GBMs, 18 WHO grade III astrocytomas, 15 WHO grade II astrocytomas, 4 WHO grade I astrocytomas, and 7 normal brain tissue samples by immunohistochemical staining. TNC expression was found to be highly associated with the grade of astrocytoma. It has a high expression level in most of the grade III astrocytomas and GBMs analyzed and a very low expression in most grade II astrocytomas, whereas it is undetectable in grade I astrocytomas and normal brain tissues. Double-immunofluorescence staining for TNC and CD133 in GBM tissues revealed that there was a high overlap between theses two positive populations. The results were further confirmed by flow cytometry analysis of TNC and CD133 in GBM-derived stem-like neurospheres in vitro. A limiting dilution assay demonstrated that the sphere formation ability of CD133 + /TNC + and CD133
■ INTRODUCTION
Glioma is the most common primary central nervous system tumor. Astrocytic tumor, the most common type of glioma, is classified into four grades, according to different grades of malignancy (I−IV), by the Word Health Organization (WHO).
1 Glioblastoma multiforme (GBM), a WHO grade IV astrocytic tumor, is the most devastating primary human brain tumor with a high morbidity and mortality among patients. 2 Even when treated with a combination of surgery, chemotherapy, and radiotherapy, patients with GBM still have a very poor long-term outcome, with a median survival of 14.6 months.
3,4 The poor survival is primarily due to the recurrence of tumor, which is resistant to standard therapies. 5 Thus, new strategies to treat GBM are urgently needed.
Accumulating evidence has demonstrated that a small population of stem-like cells, termed cancer stem cells (CSC), in tumors are responsible for tumor initiation and ongoing growth. 6 These cells contribute to therapeutic resistance and are considered to be the most likely cause of cancer relapse. 5, 7, 8 CSCs have been identified and validated in various solid tumors such as breast, colon, pancreas, and liver.
9−12 They have also been shown to exist in GBM, 13−16 and recent work has shown the possibility for treatment of brain tumors by targeting CSCs. 17−20 The identification of new tumor stem cell markers for GBM is essential for diagnosis and effective treatment of malignant brain tumors.
There have been efforts to identify CSC markers in GBM. 21−23 CD133 has been identified and widely used as a marker to characterize CSC population in GBMs. 18, 21, 24 However, CD133 expression is observed in mature luminal ductal epithelial cells in various organs of adults, indicating that CD133 may not be a suitable organ-specific CSC marker. 25 Other evidence now suggests that CD133 may serve as a CSC marker in only a subgroup of GBM. 26 Moreover, CD133 − cells also have the capability to generate GBM tumors in immunodeficient nude mice or rats. 27, 28 These issues underscore the need for additional markers to identify CSCs in GBM. Recently, CD90 was identified as a marker for GBM CSCs in primary human high-grade gliomas using tissue microarrays. 23 The expression level of CD90 was highly correlated with WHO grades and was significantly higher than that in low-grade gliomas. Interestingly, CD90 and CD133 markers were coexpressed in GBM, where 100% of the CD133 + cells were also positive for CD90, but only part of the CD90 + cells were positive for CD133, indicating that the CD133 + stem-like cells are a subpopulation of CD90 + cells in GBMs in vivo. 23 Other suggested CSC surface markers that have been identified, such as CD15 and NG2, are still under investigation. 29, 30 Tenascin-C (TNC) is a large extracellular matrix (ECM) glycoprotein, characterized by a six-armed quaternary structure and a modular construction. 31 It is composed of four subunits: a cysteine-rich amino terminal domain, a sequence of epidermal growth factor (EGF)-like repeats, a number of fibronectin type III repeats, and a carboxy-terminal domain homologous to fibrinogen. Its deregulated high expression is causally linked to many diseases, including heart failure, thrombosis, atherosclerosis, and cancer. 32 TNC was originally discovered as a glioma− mesenchymal extracellular matrix antigen that is ubiquitously expressed in glioblastomas but not in normal brains. 33 The distribution pattern of TNC in GBM showed that it plays a role in angiogenesis and tumor cell proliferation. 34 TNC contributes to the generation of a stem cell niche, which is important to the development of neural stem cells. 35, 36 Recent work also demonstrated that TNC is a promising target of GBM therapy by interference RNA intervention (iRNAi). 37 Thus, TNC may play an important role in GBM.
In previous work using mass spectrometry analysis, the expression level of TNC in a GBM-derived stem neurosphere line was shown to be dramatically higher than that in three traditional adherent GBM cell lines, indicating that TNC may be a potential marker for CSCs in GBMs. 38 TNC has also been identified as a marker in neuroblastoma. 39 In the current work, we showed the potential of TNC as a marker for glioma CSCs using tissue microarray analysis, where a significant number of samples from different grades of glioma could be studied. The stem-like cell characterization of TNC positive cells was then further demonstrated using in vitro cell sorting and a limiting dilution assay to monitor sphere formation to understand the role of TNC as a potential CSC marker. It is shown that TNC is not only a potential prognostic marker for GBM but also a potential marker for glioma CSCs.
■ MATERIALS AND METHODS

Tissue Samples
Tissue microarray (TMA) samples were obtained from US Biomax (Rockville, MD; cat. nos. GL722, T174, and GL807). In total, 61 samples were analyzed in these experiments, including 17 GBM samples (age: 35 ± 18 years; 7 females and 10 males), 18 WHO grade III astrocytomas (age: 46 ± 11 years; 7 females and 11 males), 15 WHO grade II astrocytomas (age: 41 ± 12 years; 6 females and 9 males), 4 WHO grade I astrocytomas (age: 41 ± 8 years; 1 female and 3 males), and 7 normal brain tissue samples (age: 38 ± 8 years; 6 females and 1 male). The brain tissue samples originated from different donors, and each sample had at least two replicates. The glioma tissue sections were from the tumor areas and do not include the adjacent normal tissues.
Protein Extraction from Tissue Sections
Paraformaldehyde-fixed GBM sections were obtained from University Hospital at the University of Michigan with approval from the Internal Review Board. They were thawed for 20−30 s at room temperature and rinsed with PBS before protein extraction. The FASP protein extraction kit was used to extract protein from tissue sections (Protein Discovery, Inc., Knoxville, TN). Lysis buffer containing 4% SDS, 0.1 M DTT, and protease inhibitors was added onto the tissue section slides (US Biomax, Inc., Rockville, MD) and incubated for 5 min. The collected tissue cells were boiled using a 100°C water bath for 5 min. The samples were centrifuged at 15 000g for 10 min, and the supernatant was stored at −80°C for western blotting analysis.
Immunohistochemical Analysis of Tissue Microarrays
Immunohistochemical staining was performed using tissue microarray samples. The paraffin-embedded tissue arrays with 1.5 mm core diameter and 5 μm thickness were dewaxed in xylene for 10 min twice and rehydrated through a series of alcohol solutions (200 proof, Sigma-Aldrich, St. Louis, MO) (100% ethanol twice, 90% ethanol, and 70% ethanol, 5 min each) to water. Then, the slides were boiled for 15 min in citrate buffer (Teknova, Hollister, CA) at pH 6.0 for antigen retrieval. After returning to room temperature, endogenous peroxidase activity was blocked with 3% H 2 O 2 in methanol for 10 min. The TMAs were then rinsed with water and PBS and subsequently blocked with 2% BSA and incubated with rabbit anti-human Tenascin-C monoclonal antibody (1:100 dilution, Abcam, Cambridge, MA) overnight at 4°C followed by incubation with a goat anti-rabbit IgG conjugated to horseradish peroxidase (1:250 Abcam, Cambridge, MA). Immunodetection was performed using DAB solution (Vector Laboratories, Burlingame, CA). Hematoxylin counterstain was used to visualize nuclei. The TNC expression level in each tissue section was assessed in non-necrotic areas of three separate microscopic fields of view under a magnification of 200× and was represented by the mean of the percentage of TNC + cells. The results were confirmed by a pathologist.
Double-Immunofluorescence Staining of TNC and CD133
Double-immunoflourescence staining was performed using tissue microarrays. According to the different properties of each individual antibody, a simultaneous procedure was used for the staining of TNC and CD133. Briefly, the TMAs were dewaxed in xylene for 10 min twice and rehydrated through a series of alcohol solutions to water, followed by boiling for 15 min in 100 mM citrate buffer at pH 6.0 for antigen retrieval. After incubation with 1% BSA in PBS for 1 h at room temperature to block nonspecific binding, a mixture of rabbit anti-human TNC (1:80 dilution, Abcam, Cambridge, MA; cat. no. ab108930) monoclonal antibody and mouse anti-human CD133 (1:100 dilution, Millipore, Temecula, CA; cat. no. MAB 4399) monoclonal antibody was incubated with the slides overnight at 4°C. DyLight 488 anti-rabbit IgG (H + L) and DyLight 549 anti-mouse IgG (H + L) secondary antibodies (1:150 dilution, Vector Laboratories, Burlingame, CA) were used for immunofluorescence detection, and 4,6-diamidino-2-phenylindole (DAPI) counterstain was used to visualize nuclei. Between each step, three washes were applied with PBST for 10 min each. Finally, TMA slides were dehydrated in alcohol and coverslipped using a CC/Mount permanent mounting medium (Sigma, St. Louis, MO).
Cell Culture HSR-GBM1 neurosphere cells were derived from a primary GBM patient and have been propagated for hundreds of passages as neurospheres in vitro to enrich the cancer stem-like cell population. 18,40 HSR-GBM1 neurosphere cells were used for a coupled cell sorting and limiting dilution assay of sphere formation. As described before, NeuroCult proliferation medium (Stem Cell Technologies, Vancouver, Canada) was supplemented with 10 ng/mL EGF (PeproTech, Rocky Hill, NJ), 10 ng/mL FGFb (PeproTech), and 2 μg/mL heparin (Sigma).
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14,18 Differentiation of the neurospheres was achieved by plating 0.9−1 × 10 5 cells/cm 2 on a polyornithine (15 μg/ mL) coated culture plate and maintaining them in the NeuroCult differentiation medium (Stem Cell Technologies) as described previously.
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Western Blotting Analysis
An equal amount of protein from different samples was separated by 4−15% SDS-PAGE and transferred to poly-(vinylidene difluoride) membranes (PVDF, Bio-Rad, Hercules, CA). The membranes were blocked for 1 h by 2% milk (BioRad) in PBST (0.1% Tween-20 in PBS) and then incubated with the following antibodies overnight at 4°C: anti-TNC (Abcam), anti-CD133 (Millipore), and anti-β-actin (Abcam). After being washed three times with PBST, the membranes were incubated with peroxidase-conjugated secondary antibody IgG (H + L) for 1 h, washed another three times with PBST, and then detected by Supersignal West Pico chemiluminescent substrate (Thermo Scientific).
Cell Sorting and Limiting Dilution Assay of Sphere Formation
Fluorescence-activated cell sorting experiments were performed at the Flow Cytometry Core at the University of Michigan in triplicate. To execute the cell sorting experiments, HSR-GBM1 neurospheres were first dissociated into single cells. 
/TNC
− was sorted into 96-wells for 6 days before examination of sphere formation. The percent of wells that did not form spheres (y axis) was plotted against the number of cells plated per well (x axis). The minimum number of cells required to form spheres was calculated from the x intercept of the graph.
Statistical Analysis
The Student's t-test was used to analyze the difference in pairwise comparison for TNC expression levels among astrocytoma WHO grade I, grade II, grade III, and grade IV and normal brain tissues. Statistical significance was defined as p < 0.05.
■ RESULTS
TNC Expression in GBM Tissues
The expression level of TNC in a GBM-derived stem neurosphere line was shown to be dramatically higher than that in three traditional adherent GBM cell lines using mass spectrometry analysis. 38 To detect TNC expression in GBM tissues, we extracted protein samples from fresh primary GBM biopsy. Western blotting analysis was applied to analyze GBM tissues and normal brain tissues. The results showed a strong expression of TNC in GBM tissues but not in normal brain tissues, where a dramatically different expression level existed between GBM and normal brain tissues (Figure 1 ).
TNC Expression Level Is Highly Correlated with Glioma Tumor Grade
To determine the relevance of aberrant TNC expression in GBM progression, we investigated the expression of TNC using tissue microarrays containing 54 gliomas of different WHO grades and seven normal subjects by immunohistochemical staining. TNC expression was not detectable in normal brains (Figure 2A ), WHO grade I astrocytomas ( Figure 2B ), and part of WHO grade II astrocytomas ( Figure 2C ). In contrast, it has a dramatically higher expression in all analyzed WHO grade III astrocytomas ( Figure 2D ) and GBMs ( Figure 2E ). The results reveal that TNC expression was highly correlated with the grade of astrocytoma, where tumors of higher grades showed higher levels of immunoreactivity.
TNC expression was further semiquantitatively analyzed by calculating the percentage of TNC + cells in the tissue section. The relative expression level of TNC in normal and different glioma grades are shown in Figure 3 . The percentage of TNC + cells was zero in all of the normal brain and WHO grade I astrocytoma tissues. In WHO grade II astrocytoma tissue samples, TNC was not detectable in part of the samples (5 of 15, 33%) and was expressed at weak levels (<16%) in most of the samples (7 of 15, 47%) and at medium levels (>16%, <45%) in a few tissue samples (3 of 15, 20%). In the case of high-grade gliomas, TNC was detectable in all of the samples tested. No significant difference in TNC expression was observed between grade III astrocytomas and GBMs (p > 0.05). However, the TNC expression level in high-grade gliomas (grade III astrocytomas and GBMs) was significantly higher than that in low-grade gliomas (p < 0.001, grade I and grade II astrocytomas). A significant difference of TNC expression level also existed between grade I and grade II astrocytomas. The results showed that TNC was not expressed in normal and grade I astrocytomas patients but that its expression level is highly correlated with late grades of malignancy. CD133 has been widely used as a marker to characterize CSC population in GBMs. 18, 21, 24 To determine the relation between the TNC + and CD133 + cell populations, we performed doubleimmunofluorescence staining for TNC and CD133 in primary GBM tissue sections. As shown in Figure 4, The expression of TNC and CD133 was further investigated in a GBM cell line. Flow cytometry analysis was executed in a GBM-derived stem-like neurosphere line, HSR-GBM1, which has been extensively used in CSC studies. 27 Figure 5 . The results show that TNC was expressed in about 55% of HSR-GBM1 cells, whereas CD133 was expressed in about 56% of HSR-GBM1 cells. The overlap between the TNC + and CD133 + cell populations reached 43% ( Figure 5 ).
TNC Expression Level Decreased along with the Differentiation of GBM Cancer Stem Cells
To investigate the TNC expression level changes in the differentiation process of GBM cancer stem cells, undifferentiated HSR-GBM1 stem-like neurospheres were induced to differentiate for 7 to 10 days. 40 After collecting the undifferentiated and differentiated cell samples, we measured the changes in the expression level of TNC during the differentiation process of GBM cancer stem cells using western blotting. We found that most stem-like cells were lost after differentiation of HSR-GBM1 cells. The reduced expression of the known GBM stem cell marker CD133 confirmed this differentiation ( Figure 6A ), which is consistent with previous reports. 40, 42 The results of western blotting analysis showed that the TNC expression level decreased dramatically in the differentiated cells compared with that in undifferentiated stemlike cells, with a similar differential expression pattern to CD133 ( Figure 6A ). The results indicate that the expression levels of both TNC and CD133 were decreased along with the differentiation of stem-like cells, where TNC may represent a new marker for CSCs in GBM.
TNC Is a Novel Candidate Marker for GBM Cancer Stem Cells
To determine whether TNC is a novel marker for GBM cancer stem cells, we performed a limiting dilution assay to evaluate the self-renewal ability of the TNC + cells. GBM-derived stem- 
■ DISCUSSION
The cancer stem cell hypothesis claims that cancer arises from a tumorigenic subpopulation with self-renewing capacity and stem cell-like properties, designated cancer stem cells. The ability to find cell-surface markers that will allow the prospective identification and isolation of these cells is critical to CSC research. To date, many studies have relied on the enrichment of CSCs based on the cell surface protein CD133. 43 However, recent reports have indicated that CD133 − GBM cells can form tumors and that the expression of CD133 may be cell cycle regulated. 44, 45 These issues underscore the need for additional markers to identify CSCs in GBM.
Extracellular matrix (ECM) proteins are key structural components of the perivascular niche and regulate normal stem cell and tumor proliferation and migration. 40, 46 TNC is an ECM protein known to correlate with prognosis in patients with glioblastoma, probably by stimulation of invasion and tumor angiogenesis. 47 TNC also contributes to the regulation of the self-renewal and output of the stem cell population. 48 Its functions suggest that TNC plays an important role in GBM tumor initiation. In the current study, it has been shown that TNC is a potential candidate marker for cancer stem cells in glioblastoma.
Tissue microarrays were used to analyze the expression of TNC in glioma tissues of different grades, and TNC expression was found to be highly correlated with the grade of astrocytoma, where tumors of higher grades showed higher levels of immunoreactivity (Figures 2 and 3) . TNC was barely detectable in normal and astrocytoma WHO grade I. Western blotting analysis also confirmed these results (Figure 1 ). These observations suggest that the TNC expression level may be an indicator of the aggressiveness of gliomas, and it appears to be a promising new prognostic marker for gliomas. In the process of differentiation of stem-like cells, TNC expression levels were decreased along with the differentiation of stem-like cells ( Figure 6A) . A limiting dilution assay further demonstrated the ability of the TNC + cell population to form spheres ( Figure  6B,C) . These findings suggest that TNC is a novel marker for CSCs in GBM and overlaps with part of the CD133
− cell population.
It should be noted that, in contrast to highly differentiated low-grade gliomas, GBMs are more undifferentiated and therefore are more likely to contain undifferentiated CSCs. Our analysis showed that TNC has a high expression level in most of the grade III astrocytomas and GBMs analyzed by immunohistochemical staining and a very low expression in most grade II astrocytomas, whereas it is undetectable in grade I astrocytomas and normal brain tissues. However, TNC expression level is very heterogeneous in patients, with the expression level varying from only 7% to more than 80%. The average expression level is about 34% in all of the patients of WHO grade III astrocytomas and about 45% in GBM patients (Figure 3) . The TNC expression pattern is also consistent with previous reports. 49 FACS analysis also demonstrated that TNC has a high expression level in the HSR-GBM1 cell line, with a similar percentage of TNC + cells (55%) compared to that of CD133 + cells (56%) (Figure 5 ). GBM displays significant heterogeneity, so it is unlikely that a single marker will absolutely enrich CSCs. Recently, a number of groups have suggested that different CSCs can coexist in the same tumor.
7 Even within a single tumor, different pools of CSCs may be present. 50 It is therefore likely that tumors have variability not only in the fraction of TNC + cells and other CSCs but also in how these populations overlap. In this study, we demonstrated that the TNC + cell population has a 43% overlap with the CD133 + cell population in the HSR-GBM1 cell line and overlaps with part of the CD133 − cell population.
Previous investigations have indicated that CD133
− cells also have the capability to generate GBM tumors in immunodeficient nude mice or rats. 27, 28 Therefore, TNC may be a more general marker than CD133. The CD133 + stem-like cells are a subpopulation of CD90 + cells in GBMs. 23 It might be interesting to investigate the relationship between the CD90 + and TNC + cell populations. Unfortunately, the appropriate antibodies are unavailable to perform double staining.
Our findings may provide some potential therapeutic implication for GBM. TNC is also an extracellular matrix protein, which makes it easier to enter into the bloodstream. TNC already has been shown to be significantly elevated in serum in cancer contexts, such as in liver and ovarian cancers. 51, 52 The magnitude and mechanisms of TNC secretion by astrocytes have also been investigated. 53 It would be interesting to investigate the difference in TNC expression in serum associated with GBM.
In conclusion, we have shown that TNC expression is significantly elevated with increasing grades of malignancy and decreases with the differentiation of GBM CSCs. It can be used to distinguish high-grade gliomas from low-grade gliomas and normal brains. Furthermore, it has been shown that TNC is a novel marker for CSCs in GBM and overlaps with part of the CD133 − cell population, so TNC itself may be an important therapeutic target for GBMs. 
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